Background Noninvasive cardiac-specific analysis of contractile function in patients with dilated heart failure remains problematic. This study tests whether maximal power divided by the square of end-diastolic volume (PWRmx/EDV2, or preload-adjusted PWRDX) can provide such assessment.
Methods and Results
To validate the load insensitivity of the PWRmx index and determine its response to contractile change, 24 subjects with chronic dilated cardiomyopathy underwent invasive pressure-volume catheterization study using the conductance catheter technique. Preload was transiently reduced by 30% using balloon occlusion of the inferior vena cava, and afterload impedance was lowered by 50%, induced by a bolus injection of nitroglycerin. Contractile state was varied by intravenous dobutamine, verapamil, or esmolol.
PWRmx was calculated from the simultaneous product of ventricular pressure and rate of volume change (dV/dt), the latter derived from the volume catheter signal. PWRmx varied directly with preload but was minimally influenced by afterload. However, PWRmxIEDV2 was not significantly altered by either loading change. PWRmx/EDV2 did vary with contractil-D~\ ilated cardiomyopathy is a common but complex disorder with coexisting abnormalities of the heart and peripheral vasculature. Medical therapy targets both aspects, using vasodilators and diuretics to reduce load and inotropic agents to alter contractile strength. Assessment of these various influences in the intact circulation is complicated by the fact that most routine measures of heart function do not adequately differentiate between cardiac and vascular effects. Although approaches based on pressure-volume,1-4 stress-ejection,5,6 and stress-strain7 relations can provide more cardiac-specific assessments of contractile function, these relations generally require invasive data measured at several chamber loads and thus are difficult to apply in routine or long-term clinical studies. This is an important limitation because heart failure often requires longitudinal evaluation.
One approach to noninvasive cardiac contractile assessment in patients with heart failure may be provided by preload-adjusted maximal power.8 Ventricular power is the instantaneous product of pressure and flow and is analogous to the area under a force-shortening velocity curve for isolated muscle. Thus, power, and in particular maximal power (PWRmX), varies with contractile strength. Because PWRmx can be accurately derived from the central arterial pressure-flow product,8 it is amenable to noninvasive measurement. Calibrated estimates of central arterial pressure can be obtained by recently developed and validated noninvasive methods,9-12 whereas volume flow can be assessed by nuclear10 or Doppler cardiography.14 PWRrnX by itself is significantly dependent on preload. However, by both theoretical analysis and experimental animal studies, we found that PWRmX divided by the square of end-diastolic volume (PWRmX/EDV2) is minimally influenced by preload or afterload impedance, yet it is very sensitive to contractile change. Importantly, preload-adjusted PWRmx is measured at a single steady-state condition, as opposed to the multiple variably loaded cardiac cycles required for many of the other indexes.1-7
The present study was undertaken to validate the preload-adjusted PWRmX in humans with dilated heart failure and to test its usefulness in noninvasive drug assessment. To determine whether the relative load inde- Top left, The ascending portion of the central arterial pressure is measured by a cuff-based device (see "Methods"), and these data are curve fit by a running linear interpolation. Top right, Nuclear ventriculography is used to obtain a volume waveform (raw data). These data are curve fit, and the result is differentiated to yield flow (dashed line). Pressure and flow signals are synchronized, and the instantaneous product (bottom) is power (solid line). Solid circles indicate times for maximal pressure, flow, and power. PWRmx (maximal power) occurs just after the time of peak flow but often well before peak pressure, as shown in this example.
Study Protocol Invasive Catheterization Study
Details of the invasive pressure-volume catheterization procedure have been previously reported.14-16 Briefly, all patients underwent routine right-and left-side heart catheterization, coronary A second way to consider the PWRmx-EDV dependence is to examine the analogous relation for stroke work (SW). Power is the rate at which work is performed, with mean power equal to work divided by the systolic period. In the case of SW, one can derive a simple equation relating contractile function, arterial load, and EDV, which predicts a parabolic dependence on EDV17 ("Appendix"). Although it is difficult to analytically derive a similar relation for PWRmx, it can be obtained by computer model using a time-varying elastance simulation of the heart and a three-element Windkessel model of the arterial system. As shown in Fig 2A, the predicted relation is also parabolic, although in the physiological range (above solid horizontal line), this appears linear with a positive axis intercept. This makes PWRmx/EDV2 essentially preload independent ( Fig 2B) .
The relative insensitivity of PWRmR to afterload impedance follows from the fact that it combines ejection flow and arterial pressure. Thus n n EDV+b2* Ea+ .,1di+ X d1 EDV, where n is number of subjects minus 1 and d, is 1 for subject i, 0 for subject .i, and -1 for subject n). This method of PWRIX calculation has been previously described and validated in animals by direct comparison with data obtained using proximal aortic root flow measured by ultrasonic meter.9
Invasive Studies: Load and Contractility Dependencies
The preload dependence of PWRmXJEDV2 was tested by analyzing beat-to-beat data during transient balloon occlusion of the inferior vena cava. EDV was determined for each beat by averaging volumes during isovolumic contraction. 16 Arterial load dependence was examined by calculating effective arterial elastance (E.) for each beat after intravenous injection of nitroglycerin. E. combines resistive and reactive components of aortic input impedance and can be accurately expressed by the ratio of end-systolic pressure to stroke volume (P%/SV).18 19 It provides a better index of the effect of arterial load on the heart than mean resistance. 19 The sensitivity of PWRWJ/EDV2 to inotropic change was examined by comparison with two independent measures based on pressure-volume relations. These relations were the end-systolic pressure-volume relation (ESPVR), determined from points of maximal P/(V-V,), where P and V are instantaneous LV pressure and volume, and V0 is the volume axis intercept,15.16 and the SW-EDV relation, determined by linear regression of digitally integrated SW per beat versus EDV. 3 Noninvasive Studies: Radionuclide Volume Calibration and Indexes Radionuclide time-activity curves were generated using automatic or semiautomatic edge-detection algorithms at identified regions of interest. These curves were calibrated using either the count-based method, with peripheral blood sampling to determine counts per milliliter of a reference volume and correction for attenuation of left ventricular counts (n=6),20 or a count-based ratio method (n=6). 21 In addition to obtaining PWRmx, radionuclide volumes were used in calculations of ejection fraction, preload (EDV), and estimated afterload (EJ).
For the invasive data, simultaneous digital recording of pressure and volume (and thus flow) signals directly facilitated power calculation. However, noninvasive signals had to first be synchronized and curve fit to calculate power. To synchronize these data, both volume and pressure waveforms were fit and then interpolated to yield temporally matched points (Fig 1) . Noninvasive pressures were fit by a running linear interpolation, smoothed with a high-frequency digital filter, and then synchronized to the volume waveform so that both the onset of pressure rise and volume ejection occurred at time=0. The Occlusion of inferior vena caval inflow induced a maximal fall in EDV of 20.0±2.5% with minimal simultaneous change in heart rate or arterial load (Ea). There was a small but significant decline in ejection fraction (Table 1) . Fig 3A displays pressure-volume loops for a representative patient during preload reduction, and Fig 3B displays the PWRmX-EDV data derived from these loops. Consistent with prior animal results,8 PWRmx decreased markedly with reduced preload volume, and in the measured range, these data were reasonably fit by a linear relation with a positive volume axis intercept. The same data were also well fit by a parabolic relation with an intercept at EDV=0, indicating that PWRmx/EDV2 was near constant despite preload variation consistent with model prediction. Fig 3C shows this result, with both PWRmJEDV2 and EDV normalized to the initial baseline. This result was typical for the group overall (Table 1) . Fig 4 displays group results for PWR, and PWR,,/ EDV2 preload dependence. To combine individual patient data, both abscissa and ordinate variables for each patient were normalized to their respective baseline before preload reduction (as in Fig 3C) . The results were then averaged over equally spaced ranges. PWRX was highly dependent on preload (95% confidence limits for virtually all the points did not include 1.0), whereas PWR,,/EDV2 was essentially unchanged despite a near-30% reduction in EDV. This graphic analysis was corroborated by multivariate regression. Combining PWRi., PWRDX/EDV2, and EDV data from all patients revealed a significant direct correlation between PWR.D and EDV (slope=.51, P<.001) compared with an insignificant correlation between PWRTJEDV2 and EDV (slope=-.003, P=.12) ( (Fig 2C) , the PWRmJEDV2 data displayed minimal afterload dependence, with slight nonlinear curvature. Two of the individual means fell significantly above 1.0, although even these changes were fairly small in magnitude. These graphic results were further confirmed by multivariate regression analysis ( PWR.X and EDV29 ("Appendix"). Such hearts will require separate evaluation before a preload-adjusted PWR.X index is used.
Conclusions
The diagnosis and management of congestive heart failure and the evaluation of new therapeutic agents require measurements that can identify cardiac contractile versus vascular loading abnormalities and changes. Because both the disease and its treatment are chronic processes, noninvasive methods that can be used serially are highly desirable. The present study has shown that preload-adjusted maximal power in the form of PWRmXIEDV2 can serve as such a measurement in patients with heart failure. Because it is obtained at a fixed steady state rather than requiring multiple variably loaded beats, it has clinical appeal. Future studies will need to assess the use of this parameter for improving the targeting and understanding of heart failure therapies.
Appendix
The PWR.X-EDV relation is very similar to that derived for Similar relations between PWR,,X and both EDV and Ea can be obtained using a computer simulation in which the heart is modeled by a time-varying elastance and the arterial system by a three-element Windkessel model. The results of this simulation (Fig 2) demonstrate a parabolic dependence between PWR,2 and EDV and a nonlinear afterload relation with a broad plateau.
